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Blends  of thermoplastic  cornstarch  (TPS)  and  chitosan  (TPC)  were  obtained  by  melt  extrusion.  The  effect
of TPC  incorporation  in TPS  matrix  and  polymer  interaction  on  morphology  and  thermal  and  mechanical
properties  were  investigated.  Possible  interactions  between  the  starch  molecules  and  thermoplastic  chi-
tosan were assessed  by XRD  and  FTIR  techniques.  Scanning  Electron  Microscopy  (SEM)  analyses  showed  available online 2 November 2015
eywords:
hermoplastic starch
hermoplastic chitosan
xtrusion
homogeneous  fracture  surface  without  the  presence  of starch  granules  or chitosan  aggregates.  Although
the  incorporation  of  thermoplastic  chitosan  caused  a  decrease  in  both  tensile  strength  and  stiffness,  ﬁlms
with  better  extensibility  and  thermal  stability  were  produced.
©  2015  Elsevier  Ltd.  All  rights  reserved.iodegradable polymers
. Introduction
In recent decades, the growing environmental awareness has
ncouraged the development of biodegradable materials from
enewable resources to replace conventional non-biodegradable
aterials in many applications. Among them, polysaccharides
uch as starches offer several advantages for the replacement of
ynthetic polymers in plastics industries due to their low cost,
on-toxicity, biodegradability and availability (Fajardo et al., 2010;
imkovic, 2013). Corn has been the main source of starch commer-
ially available. Other minor sources include rice, wheat, potato
nd cassava and starchy foods such as yams, peas and lentils
Bergthaller, 2005).
Starch is composed of amylose and amylopectin with rela-
ive amounts of each component varying according to its plant
ource As an example, cornstarch has about 28 wt.% amylose as
ompared to cassava starch with 17 wt.%. Film-forming, barrier
nd mechanical properties, as well as processing conditions, are
ependent on amylose to amylopectin ratio. In general, an increas-
ng amount of amylose improves the abovementioned properties
∗ Corresponding author. Tel.: +55 353829-4609;  fax: +55 353829-1481.
E-mail address: julianoufmg@yahoo.com.br (J.E. Oliveira).
ttp://dx.doi.org/10.1016/j.carbpol.2015.10.093
144-8617/© 2015 Elsevier Ltd. All rights reserved.(Forssell, Lahtinen, Lahelin, & Myllärinen, 2002; Raquez et al., 2008;
Rindlava, Hulleman, & Gatenholma, 1997).
Starch-based ﬁlms, however, are brittle and hydrophilic, there-
fore limiting their processing and application. In order to overcome
these drawbacks, starch can be mixed with various synthetic and
natural polymers. These approaches are: multilayer structures with
aliphatic polyesters (Martin, Schwach, Avérous, & Couturier, 2001),
blends with natural rubber (Carmona, De Campos, Marconcini, &
Mattoso, 2014) or zein (Corradini, De Medeiros, Carvalho, Curvelo,
& Mattoso, 2006) and composites with ﬁbers (Rosa et al., 2009).
Another widely used approach to improve mechanical properties
and processability of starch ﬁlms is the addition of chitosan.
Chitosan, which is obtained by partial or total deacetylation of
chitin, is one of the most abundant polysaccharides in nature, and
a promising material for the production of packaging materials due
to the attractive combination of price, abundance and thermoplas-
tic behavior, apart from its more hydrophobic nature as compared
to starch. Moreover, chitosan is non-toxic, biodegradable, and has
antimicrobial activity (Matet, Heuzey, & Ajji, 2014).
Several studies investigated the use of starch and chitosan in the
production of bioﬁlms (Bourtoom & Chinnan, 2008; Dang & Yoksan,
2014; Fajardo et al., 2010; Kittur, Harish Prashanth, Udaya Sankar,
& Tharanathan, 2002; Lopez et al., 2014; Pelissari, Grossmann,
Yamashita, & Pineda, 2009; Pelissari, Yamashita, & Grossmann,
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011; Tuhin et al., 2012; Xu, Kim, Hanna, & Nag, 2005). However,
ince chitosan ﬁlms are fragile and require plasticizers to reduce the
rictional forces between the polymer chains to improve mechan-
cal properties and ﬂexibility, addition of polyols such as glycerol
ay  reduce this drawback (Leceta, Guerrero, & De Caba, 2013; Park,
arsh, & Rhim, 2002; Srinivasa, Ramesh, & Tharanathan, 2007;
erch & Korkhov, 2011; Leceta et al., 2013). Furthermore, chi-
osan hydrophobic nature and mechanical properties can also be
odiﬁed and improved through blends with poly(ethylene gly-
ol), poly(vinyl alcohol), polyamides, poly(acrylic acid), gelatin,
tarch and cellulose (Arvanitoyannis, Psomiadou, Nakayama, Aiba,
 Yamamoto, 1997; Kuzmina, Heinze, & Wawro, 2012; Lee et al.,
998; Zhai, Zhao, Yoshii, & Kume, 2004).
Most works related to the production of biodegradable ﬁlms
ased on starch and chitosan are obtained by casting (Ibrahim, Aziz,
sman, Refaat, & El-sayed, 2010; Leceta, Pen˜alba, Arana, Guerrero,
 De Caba, 2015; Sindhu Mathew, 2008; Xu et al., 2005). In most
f these studies, starch is pre-gelatinized prior to chitosan addi-
ion and pouring into a mold. Such methods are not adequate to
arge-scale production of ﬁlms, therefore limiting their industrial
pplication. On the other hand, processing of starch–chitosan by
ethods such as extrusion and injection molding have been rela-
ively neglected.
In this work, cornstarch–chitosan blends were produced by
xtrusion so as to evaluate the effect of chitosan addition on blend
orphology, and mechanical and thermal properties, envisioning
 large scale, mass production material, for industrial packaging
pplication.
. Experimental
.1. Materials
Chitosan with a molecular weight of 90–310 kDa and a
egree of deacetylation of 75–85% was purchased from Polymar
Foratelza-CE, Brazil). Cornstarch, containing 70% amylose and 30%
mylopectin (Amidex® 3001), was supplied by Corn Products Brasil
Balsa Nova—PR, Brazil). Glycerol, and citric and stearic acid were
urchased from Synth (Rio de Janeiro, Brazil).
.2. Starch–chitosan blending by extrusion
Thermoplastic starch (TPS) was prepared from native corn
tarch:glycerol:water (60:24:15 wt.%). The thermoplastic chitosan
TPC) was obtained from the physical mixture of chitosan pow-
er, acetic acid, glycerol and water at the following proportions:
7, 2, 33 and 50 wt.%, respectively. Glycerol was ﬁrst added to chi-
osan and a 2 wt.% acetic acid solution was subsequently added to
orm a paste following the procedure described by Epure, Griffon,
ollet, and Avérous, (2011) in order to obtain the TPC. Addition-
lly, 1 wt.% of stearic acid and 1 wt.% citric acid were added to both
ompositions as processing aid.
Each of these mixtures was pre-mixed manually and then
xtruded using a model ZSK18 co-rotating twin-screw extruder
Coperion Ltd., SP, Brazil), with L/D = 40, screw diameter
D) = 18 mm equipped with seven heating zones. The temper-
ture proﬁle (from the feeder to the matrix) and screw speed
ere: 120/125/130/135/135/140/140 ◦C and 300 rpm for TPS,
nd 108/90/90/100/100/110 ◦C and 200 rpm for TPC. The TPS/TPC
lends were prepared using 5 (TC5) and 10 (TC10) wt.% in the
bovementioned extruder with the following temperature proﬁle
nd screw speed: 101/104/109/109/107/106/107 ◦C and 350 rpm.
hese conditions were established based on previous works
eported by our group (Carmona, Corrêa, Marconcini, & Mattoso,lymers 137 (2016) 452–458 453
2015; Carmona et al., 2014; Sengupta et al., 2007; Giroto et al.,
2015; De Campos et al., 2013).
Extruded polymers and blends were pelletized using an auto-
matic pelletizer (Coperion Ltd., SP, Brazil), do produce 2-mm pellets
that were subsequently extruded in a single screw extruder (AX
Plasticos Ltda., São Paulo, Brazil) operating at 120 rpm and a tem-
perature proﬁle of 80/90/100 ◦C. This extruder is equipped with a
slit die to produce sheets that were then hot-pressed into ﬁlms of
about 800 m in thickness.
2.3. Characterization
2.3.1. Fourier transform infrared spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy measurements were
obtained using a FTIR model Vertex 70 Bruker spectrophotome-
ter (Bruker, Germany). Spectra were recorded at a spectral range
between 3500 and 6000 cm−1 at a scan rate of 180 scans and spec-
tral resolution of 2 cm−1. The FTIR spectrum was employed in the
transmittance mode. FTIR analyses were performed to study the
effect of the addition of thermoplastic chitosan in thermoplastic
starch, to verify possible interactions among starch, chitosan and
glycerol.
2.3.2. X-ray diffraction (XRD)
The crystal structures of TPS and blends with TPC were ana-
lyzed from diffraction patterns obtained on a model XRD-6000
Shimadzu X-ray diffractometer (Shimadzu, Kyoto, Japan). Samples
were scanned from 5 to 40 (2) using a scan rate of 1◦ min−1. The
diffraction patterns were ﬁtted using Gaussian curves, after peak
deconvolution using a dedicated software (Origin 8.0TM). Crys-
tallinity index (CI) of TPC and blends were estimated based on areas
under the crystalline and amorphous peaks after baseline correc-
tion. The IC of TPS was  estimated as a function of the B and Vh
crystal form according to Hulleman, Kalisvaart, Janssen, Feil, and
Vliegenthart (1999).
2.3.3. Scanning electron microscopy (SEM) analyses
Qualitative evaluation of the degree of mixture (distribution and
dispersion of the TPC phase in TPS) was performed by using a model
JSM 6510 JEOL SEM, operating at a 5 kV. Samples were mounted
with carbon tape on aluminum stubs. Cross-sections of fractured
samples were mounted with the cross-section positioned upward
on the stubs. All specimens were sputter-coated with gold in a
sputter (Balzer, SCD 050).
2.3.4. Thermogravimetric measurements
TG/DTG analyzes of the copolymers and blends were per-
formed on a TGA Q500 TA Instruments TG (TA Instruments, USA).
Thermogravimetric curves were performed under synthetic air
atmosphere. Approximately 6 mg  samples were loaded to a plat-
inum crucible heated at a heating rate of 10 ◦C min−1 from 25 to
600 ◦C.
2.3.5. Film thickness
Film thickness was measured using a digital micrometer (IP65
Mitutoyo) at ﬁve random positions. The mean values were used to
calculate barrier and mechanical properties.
2.3.6. Mechanical properties
Tensile strength, maximum elongation at break and elastic
modulus were measured using a model DL3000 universal test-
ing machine (EMIC, São Paulo, Brazil). Tests were carried out
according to ASTM D882-09. Test samples of mid-section 15 mm
wide; 100 mm  long and 0.8 mm in thickness were cut from the
extruded ﬁlms. At least six samples were tested for each com-
position. Clamp-to-clamp distance, test speed and load cell were
454 J.F. Mendes et al. / Carbohydrate Polymers 137 (2016) 452–458
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0ig. 1. FTIR spectra of thermoplastic cornstarch (TPS), thermoplastic chitosan (TPC)
nd TPS blends with 5 and 10 wt.% TPC (TC5 and TC10).
0 mm,  25 mm  min−1 and 50 kgf, respectively. The tensile strength
max) was calculated by dividing the maximum force on the cross-
ectional area and the percent elongation (ε) was calculated as
ollows:
(%) = d − d0
d0
× 100 (1)
here d is the ﬁnal displacement, d0 is the initial displacement
clamp-to-clamp distance). The elastic modulus (ε) was  deter-
ined from the linear slope of the stress versus strain curves.
.4. Statistical analysis
Data were subjected to analysis of variance (ANOVA) to deter-
ine statistical differences. Multiple comparisons were performed
y the Tukey test using the Sisvar® statistical software (Version
.4). Statistical differences were declared at p < 0.05.
. Results and discussion
.1. FTIR characterization
Fig. 1 shows the FTIR spectra corresponding to TPS and TPC as
ell as to TPS/TPC blends.
The FTIR spectrum of TPS ﬁlm featured absorption bands corre-
ponding to the functional groups of starch and glycerol, i.e., bands
t 920, 1022 and 1148 cm−1 (CO stretching), 1648 cm−1 (bound
ater), 3277 cm−1 ( OH groups), 2914 cm−1 (CH stretching) and
423 cm−1 (glycerol). These results are similar to the ones observed
n the literature (Kizil, Irudayaraj, & Seetharaman, 2002).
Similarly, TPC spectrum was similar to previous studies (Lopez
t al., 2014; Pranoto, Rakshit, & Salokhe, 2005; Xu et al., 2005), in
hich the band at 3300 cm−1, due to OH stretching, overlaps the
NH stretching band, in the same region. A small peak at 1647 cm−1
hows attributed to C O (amide I) stretching, a peak at 1717 cm−1,
ndicating the presence of carbonyl groups, and peaks at 2875, 1415
nd 1150-1014 cm−1 which correspond to stretching of CH, car-
oxyl ( COO ) and CO groups, respectively.
The FTIR spectra of TPS/TPC blends resembled the pure TPS ﬁlm
Fig. 1). This is somewhat understandable since a small amount
f thermoplastic chitosan was added to TPS. A similar behavior
as observed in the literature with starch ﬁlms plasticized with
.37–1.45 wt.% chitosan (Dang & Yoksan, 2014).Fig. 2. X-ray diffraction patterns of thermoplastic cornstarch (TPS), thermoplastic
chitosan (PTC) and TPS blends with 5 and 10 wt.% TPC (TC5 and TC10).
Despite the FTIR spectra of the blends show typical signals for
both components, i.e., starch and plasticized chitosan, these inter-
actions were not signiﬁcant enough to cause peak shifts, as seen in
Fig. 1.
3.2. X-ray diffraction (XRD) analyzes
X-ray diffraction patterns of TPS, TPC and TPS/TPC blends are
shown in Fig. 2.
TPS ﬁlms showed diffraction peaks and broad amorphous halo,
a typical behavior of a semi-crystalline polymer with low degree of
crystallinity. TPS ﬁlms showed diffraction peaks (2) at 13.7, 17.7,
20.4, 21.1 and 29.9◦ (Fig. 2). Peaks at 13.7 and 21.1◦ are assigned to
the Vh-type crystals of amylose complexed with glycerol (Teixeira
et al., 2010), while the peaks at 17.7 and 29.9 belong to B-type
crystals, which may  have been formed during storage (Dang &
Yoksan, 2014). Additionally, the absence of A-type crystals, which
is characteristic of the cereal starches granules, evidences that the
native cornstarch structure was  completely destructurized during
extrusion (Shi et al., 2006), as can also be observed in SEM charac-
terization.
Mikus et al. (2014) stressed that the Vh-type crystallinity is
induced by heat treatment, where the interaction between the
hydroxyl groups of the starch molecules are replaced by hydrogen
bonds formed between the plasticizer and starch during processing.
XDR diffraction patterns of PS/TPC blends are similar to the
TPS matrix. However, it can be observed that with increasing TPC
amounts in TPS matrix, the V-type crystallinity peaks become
wider, which is due to the decrease in formation of glycerol-
amylose complex because of the limited mobility of amylose
molecules. The same behavior was observed by Lopez et al.
3.3. SEM characterization
SEM micrographs of the surface and fracture surface of TPS ﬁlms
and blends with TPC are shown in Fig. 3.
The pure starch ﬁlm (Fig. 3A) showed the cross-section showed
the absence of starch granules after processing, demonstrating the
extrusion process completely destructurized the native cornstarch
granules. These observations are consistent with the results of X-
ray diffraction. The same behavior was observed to thermoplastic
chitosan (Fig. 3B). However, there are small surface cracks, which
may  have been formed during the compression-molding step after
the extruded ﬁlms were formed as a consequence of the brittle
nature of chitosan.
J.F. Mendes et al. / Carbohydrate Polymers 137 (2016) 452–458 455
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to free water evaporation, water and glycerol (Cyras et al., 2008)
volatilization, and decomposition of starch and chitosan (Pelissari
et al., 2009).
Table 1
Thermal properties (obtained by TG and DTG analyses) of the TPS and blends.
Formulation Tonset (◦C) Tonset (◦C) Tendset (◦C) Residue at 600 ◦C (%)ig. 3. SEM micrographs of (A) TPS-fracture surface; (B) TPC-fracture surface; (C) TC
On the other hand, TPS/TPS blends (Fig. 3C–F) had a homoge-
eous surface without cracks and with good structural integrity.
n certain localized positions of the ﬁlms there were slight sur-
ace irregularities that may  be formed during extrusion, at the
ie/polymer contact surface, a defect somewhat similar to some
urface defects known to happen during processing of certain poly-
ers (Tadmor & Gogos, 2006).
In Fig. 3C and D (fracture surface) show the presence of TPC
articles dispersed within the starch matrix. No disruption of the
PS/SPC interface was observed. This shows that there is a relatively
ood interfacial adhesion between the two components.
Similar results were reported by Salleh, Muhamad, and
hairuddin (2009) to starch–chitosan ﬁlms obtained by casting,
n which chitosan particles dispersed within the starch–chitosan
atrix were observed.
.4. Thermogravimetric analyzes
TG curves and their ﬁrst derivative (DTG) curves for TPS, TPC
nd TPC/TPC blends are shown in Fig. 4A and B. From TG (Fig. 4A),
nd DTG (Fig. 4B) curves the onset (Tonset) and endset (Tendset)
emperatures for degradation of TPS and blends are shown in
able 1.
The TG curve of TPS clearly shows a degradation to take place
n three steps, ranging from 25–160 ◦C, 160–500 ◦C and 500–600,
espectively, due to the evaporation of free water (Pelissari et al.,
009), evaporation of water (Cyras, Manfredi, Ton-That, & Vázquez,
008) and decomposition of the starch of the previously formed
esidue since an oxidative atmosphere (Pelissari et al., 2009) (Fig. 4).ture surface; (D) TC10-fracture surface; (E) TC5-ﬁlm surface; (F) TC10-ﬁlm surface.
Some gases such as CO2, CO, H2O, and other small volatile com-
pounds are released during this stage along with carbonaceous
residue formation (Zhang, Golding, & Burgar, 2002).
TPS exhibited a steady weight loss from room temperature to
about 250 ◦C. This is due to release of adsorbed water during its
combustion and glycerol evaporation. Such phenomenon prevents
the distinction between the ﬁrst and second TPS degradation phase
and causes higher weight loss in the ﬁrst degradation phase.
The TG curve of TPC presents a weight loss in two steps: the
ﬁrst weight loss at 140–350 ◦C, with a reduction of about 4%, and
the second loss at 350–500 ◦C, with a 93% weight loss. A similar
behavior was  observed by Neto et al. (2005). Furthermore, as shown
in Table 1, the addition of chitosan did not signiﬁcantly change the
thermal stability of blends as compared to thermoplastic starch
alone.
TPS/TPC blends (Fig. 4) showed a mass loss in the temperature
ranges of 25–160 ◦C, 160–500 ◦C and 500–600 ◦C, respectively dueTPS 277 335 447 0.1
TC5 285 333 457 0.2
TC10 276 330 461 0.2
TPC 252 297 495 0.2
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Table 2
Mechanical properties of TPS, TPC and TPS/TPC blends with 5 and 10 wt.%TPC.
Film formulation Thickness (m) Tensile strength (MPa) Elongation at break (%) Elastic modulus (MPa)
TPS 755 2.1 ± 0.3a 69 ± 16a 39.00 ± 0.01a
TC5 757 1.5 ± 0.2b 108 ± 15b 16.10 ± 0.06b
TC10 838 1.1 ± 0.2c 93 ± 3b 8.40 ± 0.01b
Values correspond to average and standard deviations of the mechanical properties. Two  consecutive letters of the same type show that the values are not statistically
signiﬁcant (p < 0.05) using Turkey test. Different letters indicate that the averaged values are statistically different at the same level of signiﬁcance (p < 0.05).
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ples displayed no agglomeration of chitosan within a completelyig. 4. TG (A) and DTG (C) of thermoplastic cornstarch (TPS), thermoplastic chitosan
PTC) and TPS blends with 5 and 10 wt.% TPC (TC5 and TC10).
.5. Mechanical properties
The tensile strength, elongation at break and elastic modulus
f pure thermoplastic polymers and are shown in Table 2. Fig. 5
hows representative stress–strain curves of these polymers and
lends. These curves display the typical stress–strain behavior of
lasticized starch-based polymers and blends in which the lowest
art of the curve displays a plastic behavior at deformations lower
han 1%, followed by a plastic zone until sample rupture.
According to Table 2, the tensile strength of the bioﬁlms was
igniﬁcantly affected by the addition of thermoplastic chitosan. The
resence of TPC reduced tensile strength of the blends, which was
robably due to their plasticizing capability. Results in Table 2 also
how that the addition of chitosan led to a signiﬁcant reduction in
lastic modulus (p < 0.05), corroborating the abovementioned dis-
ussion in which chitosan acts as a plasticizer to TPS, thus forming
ess rigid ﬁlms.Fig. 5. Representative stress–strain curves of TPS, TPC and TPS/TPC blends with 5
and 10 wt.% TPC.
The addition of thermoplastic chitosan signiﬁcantly affected the
elongation at break, as compared to TPS (Fig. 5). This elongation
at break indicates that the ﬂexibility and stretching of the ﬁlms
increased with the addition of chitosan. The addition of TPC at
concentrations between 5 and 10 wt.% to TPS matrix did not signif-
icantly differ. However, this represents an increase in elongation
at break of 56 and 35%, respectively, when compared to pure TPS.
A similar behavior was reported in the literature (Pelissari et al.,
2009), in which the physical-chemical properties and the antimi-
crobial activity of starch–chitosan ﬁlms with oregano essential oil
were studied.
Several studies (Alves, Mali, Beléia, & Grossmann, 2007; Mali,
Karam, Ramos, & Grossmann, 2004; Sobral, Menegalli, Hubinger, &
Roques, 2001) reported that the addition of chitosan decreases the
elastic modulus of the TPS/TPC blends. These authors reported that
the addition of the plasticizer help the TPS matrix to become less
dense, thus facilitating the movement of the polymer chains and
improving the ﬂexibility of the ﬁlms. These results are consistent
with the literature because this increase in elastic modulus of the
blends with respect to TPS is due to the presence of hydrogen bonds
between the plasticizer and starch molecules as well as due to the
presence of Vh-type crystals as also pointed out by Mikus et al.
(2014).
4. Conclusions
Results show that it was possible to successfully produce
cornstarch–chitosan blends by extrusion with a high dispersion
and distribution degree of the TPC phase in TPS as observed by
scanning electron microscopy analyzes. SEM micrographs showed
blends with homogeneous surface, and the criofractured sam-destructurized starch matrix. These blends also had good thermal
stability in which the addition of chitosan produced more ther-
mally stable ﬁlms. Moreover, addition of 5 and 10 wt.% chitosan
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cted as a plasticizer to TPS matrix, increasing the elongation at
reak (elongation at break increased by 56 to 35%, respectively)
nd decreasing tensile strength and elastic modulus. Therefore,
he obtained blends have potential for applications in packaging,
specially where a high output of processed polymer is required as
ompared to batch processing such as casting.
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